p53 exhibits 3'-5' exonuclease activity and the signi®-cance of this biochemical function is currently not de®ned. In order to gain information about the potential role(s) of this exonuclease activity, recombinant and wild-type human p53 was examined for excision of nucleotides from de®ned synthetic DNA substrates. p53 removes nucleotides threefold faster from single-strand DNA than from DNA duplexes, exhibits a 1.5-fold preference for 3'-terminals of DNA that contain a single nucleotide mispair (mismatch) as compared to correctly paired DNA and eciently excises nucleotides from 3'-ends of blunt and cohesive (staggered) DNA doublestrand breaks. The p53 exonuclease is predominantly non-processive on DNA which is 17 nucleotides long (or shorter) and processive on the longer 30-mers. The processivity of nucleotide excision is decreased in the presence of 50 mM potassium phosphate and eliminated when full-length p53 is replaced with the core domain, comprised of amino acids 82 ± 292. Photoanity labeling indicates that (1) p53 monomers, rather than dimers, bind to single-strand forms of these oligomers; (2) complexes between p53 and 30-mers are more stable than those formed with 17-mers. The stability of these complexes determines processivity during nucleotide removal and modulates the 3'-5' exonuclease activity of p53. The relevance of substrate speci®city of the p53 exonuclease to DNA repair is discussed. Oncogene (2000) 19, 3321 ± 3329.
Introduction
The tumor suppressor protein p53 has an internal, sequence-speci®c DNA binding domain (`core' domain) that is required for transcription activation of speci®c genes upon DNA damage (El-Deiry et al., 1993; Harper et al., 1993) . The transactivation function of p53 leads either to cell cycle arrest or to apoptosis of cells with damaged DNA (for review see Gottlieb and Oren, 1996) . Additionally, the core domain of p53 binds to DNA in a non-speci®c manner and functions as a 3'-5' exonuclease (Mummenbrauer et al., 1996) . The exonuclease and transactivation activities of p53 appear to be mutually exclusive and dependent on the phosphorylation status of the C-terminus (Janus et al., 1999a) . The regulatory region, located between residues 320 and 393 in the C-terminus, also binds to DNA and promotes both sequence-speci®c and non-speci®c DNA binding by the core domain (Lee et al., 1995; Selivanova et al., 1996) .
The signi®cance of p53-associated 3'-5' exonuclease activity is unclear although it has been postulated to be involved in several DNA repair processes (reviewed by Janus et al., 1999b and by Albrechtsen et al., 1999) . 3'-5' exonucleases preserve genomic integrity during DNA replication by removing mispaired nucleotides from 3'-termini of nascent DNA strands to prevent mismatches, insertions and deletions (reviewed by Umar and Kunkel, 1996 and by Shevelev et al., 1996) . In vitro, p53 increases the ®delity of DNA replication catalyzed by DNA polymerase a (which has no intrinsic 3'-5' exonuclease) and the two proteins form stable complexes (Huang, 1998; Kuhn et al., 1999) . DNA polymerase b, a protein involved in base excision repair, is also exonucleasede®cient prompting suggestions that its replication ®delity may be maintained by the exonuclease activity of p53 (Sobol et al., 1996; Janus et al., 1999b) . The process of homologous recombination requires a yet unidenti®ed exonuclease activity. Based on its ability to remove mismatched nucleotides from triple-helical DNA (a substrate that resembles the structure of recombination intermediates), it has been suggested that p53 may ensure ®delity during strand exchange (Dudenhoer et al., 1998; Janus et al., 1999) . Finally, 3'-5' exonucleases have been implicated in the repair of DNA double-strand breaks that arise after exposure of cells to ionizing (g) irradiation (Nicolas and Young 1994; Chu, 1997) . As the levels of p53 are increased following g irradiation, (Kastan et al., 1991) it is possible that the exonuclease activity of p53 is directly involved in repair of doublestrand breaks in irradiated cells.
It is conceivable that the exonuclease activity of p53 functions in one (or more) of the above DNA repair processes. Studying the behavior of p53 exonuclease on de®ned DNA substrates may provide additional clues about its potential function(s) in vivo. To date, the substrate speci®city of the p53 exonuclease has not been studied in detail. The aim of the present study was to obtain more information about this property of p53 by examining nucleotide removal on previously untested DNA substrates including: (1) DNA duplexes containing single 3'-terminal mismatches; (2) blunt and cohesive (staggered) DNA double-strand breaks; (3) DNA primers of dierent lengths. The processivity of p53, de®ned as the number of nucleotides excised before p53 dissociates from DNA, was also examined.
Results
The purity of recombinant, nickel anity-puri®ed p53 was analysed by 10% SDS ± PAGE followed by either staining with silver nitrate or probing with a polyclonal antibody on Western blots. p53 stains as a major band that reacts with anti-p53 polyclonal (Figure 1, lanes 1  and 2) . Although a minor band, approximately 97 kDa in size is also detected in this preparation, it does not react with the antibody. Moreover, the monoclonal antibody PAb1620 (directed at the native p53 core domain) neutralizes more than 95% of the exonuclease activity in this preparation. This con®rms that the exonuclease activity is speci®c to p53. This highly puri®ed preparation of p53 was used in subsequent studies. The recombinant core domain of p53 (p53 ) is described elsewhere (Vaziri et al., 1997) .
The 3'-5' exonuclease activity of p53 was compared in Figure 2a between 5'-end radiolabeled 17-mers in single-strand (ss) form and those annealed to complementary residues on M13mp19 (+) DNA (ds). The reactions products are detected as`ladders', indicating successively shorter DNA fragments generated by stepwise (non-processive) excision of nucleotides from 3'-terminals of the 17-mer (where processivity is de®ned as the number of nucleotides removed before the exonuclease dissociates from DNA). p53 excises nucleotides threefold faster from ss DNA substrates than from ds DNA under linear reaction conditions (initial 30 and 90 min on ss and ds DNA, respectively, Figure 2a ). Preferential excision from ss DNA is a property of other 3'-5' exonucleases and indicates a function to recognize unpaired DNA for repair (Belyakova et al., 1993; Skalski et al., 1993; Huang, 1998; Hoss et al., 1999) .
It was previously reported that p53 preferentially excises consecutive 3'-terminal mismatches (A : G followed by C : C) as compared to downstream, correctly paired nucleotides (Huang, 1998) . It was of interest to examine the excision of a single mismatch, which arises more frequently than multiple mispairs at 3'-terminals of replicating DNA (Loeb and Cheng, 1990) . Removal of thymidine from G : T pairs is particularly relevant as DNA polymerases a and b produce this mismatch with high frequency in vitro (Kunkel, 1985; Perrino and Loeb, 1989) . A comparison of p53 exonuclease activity on G : C, G : T, G : G and G : A pairs in Figure 2b , reveals that after 45 and 90 min, p53 cleaves approximately 1.5-fold more mismatched nucleotides as compared to correctly paired ones (e.g. after 90 min, 60% of each mismatch a) p53-catalyzed nucleotide excision from single-strand and double-strand DNA. Exonuclease assays were performed for the indicated time points on 17-mers either in single-strand (ss) form or annealed to M13amp19 (+) circular DNA templates to form double-strand (ds) substrates. The per cent of 3'-nucleotides removed was quanti®ed by densitometry as described in Materials and methods. (b) p53-catalyzed excision of correctly paired or mispaired nucleotides from 3' terminals of DNA. Exonuclease assays were performed on 17-mers annealed to M13amp19 (+) DNA for the indicated time points as described in Materials and methods Substrate specificity of the p53 associated 3'-5' exonuclease V Skalski et al is excised as compared with 40% removal of deoxycytidine from G : C pairs). The p53 exonuclease was tested on intact DNA duplexes or those that contained DNA double-strand breaks (dsb) (Figure 3 ). Excision from blunt 3'-termini is most ecient with more than 95% of nucleotides removed from the 3'-end after 45 min. In contrast, after 90 min, 37 and 35% of nucleotides are removed from cohesive dsb and from intact DNA duplexes, respectively. Therefore approximately 2.5-fold more nucleotides are excised from blunt dsb than from either cohesive dsb, or intact primers annealed to M13mp19 (+) DNA. Additionally, excision proceeds at least two times faster from blunt dsb as compared to either cohesive dsb or intact DNA substrates. Finally, the eciency of p53-catalyzed nucleotide removal from blunt and from cohesive dsb is likely underestimated.
Restriction of 30-mer : M13mp19 (+) DNA with SmaI produces three 3'-terminals whereas DNA containing intact 30-mers has a single 3'-terminal (refer to the diagrams of substrates in Figure 3) . Similarly, p53-catalyzed nucleotide excision from cohesive dsb is higher than estimated as this substrate also has three 3'-terminals that can compete for 3'-5' excision by p53.
Re-examination of Figures 2 and 3 reveals an additional interesting feature of the p53 exonuclease activity. Whereas excision from 17-mers results in the appearance of successively shorter oligomers that range in length from 2 to 16 nucleotides (Figure 2a) , the sole product detected in reactions with 30-mers, is a 2-mer ( Figure 3 , second lane). Decreasing either the reaction time or the concentration of p53 in assays with 30-mers does not result in appearance of DNA`ladders' that characterize stepwise (non-processive) nucleotide excision to produce 29-mers, 28-mers, etc. (results not shown).
The 2-mer could be produced either by a processive 3'-5' exonuclease or by a 5'-3' nuclease. The direction of p53-catalyzed excision was examined on DNA radiolabeled at the 3'-end in Figure 4 . The excision proceeds in 3'-5' direction only, as indicated by the appearance of a single reaction product, which comigrates with deoxycytidine monophosphate (dCMP), the 1-mer product obtained from parallel reactions with 3'-5' phosphodiesterase I (PDE I). Mummenbrauer et al. (1996) previously showed that their preparation of p53 was similarly devoid of 5'-3' nuclease activity. Of note, the dCMP product migrates faster than the 2-mer observed in reactions with p53 on 5'-end radiolabeled DNA (as determined when these samples are loaded side-by-side for electrophoresis on sequencing gels, results not shown) and this con®rms that the bottom band detected in Figures 2 and 3 is a dinucleotide.
The processivity of nucleotide excision was next compared between single-strand 17-mers and 30-mers as a function of time ( Figure 5a ). p53-catalyzed removal of nucleotides is processive on 30-mers and predominantly non-processive on 17-mers. The amount of the 2-mer product increases as a function of time in reactions with each oligomer. Under linear reaction conditions, excision from 30-mers is six times faster than from 17-mers (42% 3'-nucleotides are removed from 30-mers after 5 min as compared with half that amount (20%) excised after 15 min from 17-mers). Since p53 has no 5'-3' exonuclease activity, these observations could be related to the relative stabilities of p53 : 17-mer and p53 : 30-mer complexes. It was previously shown that p53 binds most eciently to DNA that is at least 20 nucleotides in length (Bakalkin et al., 1995) . In this context, DNA products of progressively decreasing length are generated because p53 : 17-mer complexes easily dissociate during exonuclease reactions. The 2-mers are produced when p53 remains bound to the 30-mer until all but the last two nucleotides have been removed (processive removal). As 2-mers are also detected in reactions with 17-mers, this suggests that p53 can excise nucleotides processively from shorter primers albeit less frequently than from 30-mers.
To test whether processivity of p53-catalyzed excision is related to the stability of p53 : DNA complexes formed during exonuclease reactions, the impact of factors that disrupt binding of p53 to DNA was Figure 3 Exonuclease activity of p53 on blunt and cohesive double-strand breaks (dsb). Duplexes containing blunt or cohesive dsb were prepared using the appropriate restriction endonuclease on 30-mer : M13amp19 (+) DNA and used in exonuclease assays with p53 for the indicated times as described in Materials and methods. The dsb's at positions 12 and 15 represent speci®c products of restriction with SmaI and BamHI, respectively. The dsb at position 11 results from restriction due to the`star' activity of SmaI as discussed in Materials and methods
Oncogene
Substrate specificity of the p53 associated 3'-5' exonuclease V Skalski et al examined. Butcher et al. (1994) demonstrated that increasing ionic strength to concentrations approximately equivalent to 50 mM KPO 4 , reversibly destabilizes and dissociates binding of p53 to DNA. Addition of 50 mM KPO 4 to reactions with single-strand 17-mers further increases the non-processive excision by p53 as indicated by decreased formation of 2-mers and increased production of 16-mers, 15-mers, etc. (Figure  5a , lane 30S). Including 50 mM KPO 4 in reactions with single-strand 30-mers, results in the appearance of faint intermediate DNA fragments, 15 ± 29 nucleotides in length with a concomitant decrease in the 2-mer (Figure 5a, lane 15S) . This experiment provides evidence that: (a) these two modes of excision are speci®c to p53; (b) factors that destabilize the formation of p53 : DNA complexes decrease the processivity of nucleotide excision. Since the Cterminus of p53 contains a domain that promotes both sequence-speci®c and non-speci®c DNA binding (Bakalkin et al., 1995) , the eect of replacing fulllength p53 with the core domain was studied in exonuclease reactions with single-strand 30-mers. In contrast to the full-length protein, excision catalyzed by p53 82-292 is non-processive (Figure 5b ). This ®nding suggests that the C-terminus is required for processive nucleotide excision and also indicates that the core domain of p53 is sucient for the exonuclease activity. Of note, the core domain of p53 exhibits optimal exonuclease activity at 258C and this is consistent with a previous report that the thermodynamic stability of p53 82-292 is higher at 258C than at 378C (Bullock et al., 1997) .
The binding of p53 to either single-strand 17-mers or single-strand 30-mers was analysed directly by photoanity labeling (UV crosslinking), a technique that traps' speci®c protein : DNA interactions by promoting formation of covalent bonds between proteins and DNA in complexes. A major signal representing p53 bound to radiolabeled DNA is detected in reactions (Figure 6c) .
The molecular weight of p53 : DNA complexes is approximately 60 000 ± 65 000 which is consistent with monomers of p53 bound to a 5 kDa 17-mer ( Figure  6b ) or a 9.4 kDa 30-mer (Figure 6a ). Complexes between p53 dimers and 17-mers or 30-mers are detected upon longer exposure times, whereas no complexes are detected when p53 is replaced by p53 82-292 (results not shown). Finally, the faint 50 ± 55 kDa signal in Figure 6a ,b, likely corresponds to complexes between 44 kDa proteolytic fragments of p53 and the appropriate primer (Okorov et al., 1997) .
Discussion
The 3'-5' exonuclease activity of p53 was examined on synthetic substrates that resemble damaged and native DNA. Several novel properties of p53-associated exonuclease were observed and these can be summarized as follows: (1) preferential excision of nucleotides from single mispairs at 3'-terminals of DNA; (2) preferential excision of nucleotides from blunt and cohesive DNA double-strand breaks; (3) ability to excise nucleotides non-processively from 17-mers and processively from 30-mers; (4) more ecient binding of p53 monomers to single-strand 30-mers as compared to single-strand 17-mers.
3'-5' exonucleases that proofread for DNA polymerases typically exhibit preferential, non-processive excision of nucleotides from single-strand DNA and from 3'-terminal mismatches. The present study demonstrates that p53 possesses these attributes and provides additional evidence that p53 could proofread Figure 4 Direction of p53-catalyzed nucleotide excision. Exonuclease assays were performed at 378C for 120 min as described in Materials and methods on single-strand 24-mers labeled with a-32 P-dCTP at their 3'-ends. Control reactions were performed with 1610 75 units of 3'-5' phosphodiesterase I (PDE I, Sigma) at 258C for 5 min to produce deoxycytidine monophosphate (dCMP). Lane C represents reactions without enzyme Substrate specificity of the p53 associated 3'-5' exonuclease V Skalski et al for DNA polymerases a and b. However, the outcome of other studies indicates that p53 does not have a critical role in maintenance of error-free DNA replication. Speci®cally, abrogation of p53 activity in rodent and human cells does not lead to increased mutation rates (Nishino et al., 1995; Grith et al., 1997; Chuang et al., 1999) . Additionally, three novel 3'-5' exonucleases were recently identi®ed in human cells. One of these is capable of proofreading for DNA polymerase b in vitro, another exhibits a preference for mismatched DNA, and the third is the large subunit of Replication Factor C (Hoss et al., 1999; Mazur and Perrino, 1999; Zhu and Halligan, 1999) . These seemingly contradictory observations can be reconciled by considering that several 3'-5' exonuclease likely function to preserve genomic integrity during DNA metabolism. Since uncorrected mismatches can give rise to potentially harmful mutations, it would be advantageous for a cell to have more than one exonuclease to handle the reversal of mispairs. For instance, F-ara-AMP, a nucleotide analog used in the treatment of leukemia, irreversibly inactivates the 3'-5' exonuclease subunit of human DNA polymerase e (Kamiya et al., 1996) . Thus under conditions where the activity of one 3'-5' exonuclease is compromised, the function of another exonuclease, possibly p53, may become very important for correcting DNA replication errors. Previous studies demonstrated that treatment with restriction endonucleases (REs) to generate blunt double-strand breaks (dsb), results in increased incidence of chromosomal abnormalities as compared to REs that product cohesive dsb (Bryant and Liu, 1994) . Interestingly, we have determined that p53 removes nucleotides more eciently from blunt dsb than from cohesive dsb. Given that REs simulate the eect of girradiation, this ®nding suggests that the exonuclease Recombinant human p53 fragment comprising of amino acids 82 ± 292 was assayed for exonuclease activity at 258C for 3 h as described in Materials and methods. Lane C represents reactions without enzyme Oncogene Substrate specificity of the p53 associated 3'-5' exonuclease V Skalski et al activity of p53 may be involved in the repair of dsb in irradiated cells. The mechanism for repair of dsb in irradiated cells is not fully understood. Previous work indicates that dsb produced by g-rays are repaired by non-homologous end joining (NHEJ), a process in which an exonuclease capable of excising nucleotides from blunt and from single-strand DNA ends may play an important role (Nicolas and Young, 1994 and reviewed by Chu, 1997) . Furthermore, in contrast to REs, g-irradiation frequently produces dsb with terminal nucleotides that lack intact 3'-hydroxyl groups. In addition to its preference for blunt dsb and single-strand DNA, p53 can also excise nucleotide analogs that lack a 3'-hydroxyl group from DNA (Pelicano et al., 1998) . Finally, p53 levels are induced by g-irradiation (Kastan et al., 1991; Huang, 1998) . NHEJ can result in potentially harmful deletions and such error-prone repair of dsb, might further enhance the therapeutic eect of irradiation in tumor cells. In this context, the exonuclease activity of p53 may sensitize cells to g-irradiation. Experiments that examine the relationship between inducibility of p53 exonuclease activity, eciency of dsb repair and dose of g-irradiation should de®ne the role of p53 in repair of DNA damage caused by environmental or therapeutic irradiation.
A unique property of p53 is its ability to excise nucleotides non-processively and processively. To date, a 3'-5' exonuclease that exhibits both modes of excision has not been described. Previous studies have shown that: (1) 20 nucleotides constitute the minimal length required for the formation of stable p53 : DNA complexes; (2) the C-terminus is important for stable binding of p53 to DNA (Bakalkin et al., 1995; Selivanova et al., 1996) . Consistent with these results, we have shown that: (1) p53 does not form stable complexes with 17-mers and behaves mainly as a nonprocessive exonuclease on such oligomers; (2) removal of the C-terminus of p53 appears to eliminate processive excision from 30-mers. These ®ndings are consistent with the idea that the stability of p53 : DNA complexes formed during exonuclease reactions is an important determinant of the processivity of nucleotide removal. The signi®cance of processive nucleotide removal from single-strand 30-mers to DNA repair is unclear, although rapid removal of long DNA strands may be required during repair of dsb by NHEJ (Chu, 1997) .
It is unclear why p53 does not switch to nonprocessive excision once it has removed the ®rst 13 residues from 30-mers to produce 17-mers. We postulate that this behavior might be related to dierences in the conformation of p53 on longer versus shorter DNA primers. In this context, DNA longer than the critical 20 nucleotides, e.g. 30-mers, would favor a conformation that would enable p53 to remain bound to its DNA substrate even after the latter is converted to a 17-mer following excision of the initial 13 nucleotides from the 3'-end. Of note, some processive nucleotide removal is also observed with 17-mers, indicating that the putative conformation is achieved, albeit less eciently, on shorter DNA primers. Additionally, the`processive' conformation might involve the C-terminus as suggested by the absence of processive nucleotide excision when the fulllength protein is replaced with the core domain of p53 (Figure 5b ). Substrate specificity of the p53 associated 3'-5' exonuclease V Skalski et al
As noted earlier, non-processive removal of nucleotides from unpaired DNA is desirable in 3'-5' exonucleases. Firstly, frequent dissociations between p53 and its DNA substrate control the rate of nucleotide removal to minimize indiscriminate excision. Secondly, the dissociation of p53 from DNA during non-processive excision might facilitate access of the substrate to other proteins that participate in DNA replication and repair of dsb, such as DNA polymerases and ligases.
We also demonstrated that p53 monomers exhibit exonuclease activity and constitute the predominant form of p53 that binds to single-strand 17-mers and 30-mers. This suggests that the oligomerization status of p53 is not critical for processive excision. The ability of p53 monomers to function as exonuclease, may be advantageous during DNA repair and DNA replication. These processes require the coordinated action of several proteins in complexes that, due to steric eects, may not accommodate p53 dimers or tetramers. In contrast, monomer p53 is within the 14 ± 55 kDa range reported for other proofreading 3'-5' exonucleases (Insdorf and Bogenhagen, 1989; Belyakova et al., 1993; Skalski et al., 1995; Hoss et al., 1999; Mazur and Perrino, 1999; Zhu and Halligan, 1999) . Although p53 monomers and dimers are capable of transcription activation (Tarunina and Jenkins, 1993) , they exhibit optimal transactivation as tetramers (reviewed by Arrowsmith and Morin, 1996) . This suggests that in addition to its phosphorylation status, the oligomerization state of p53 might be important in determining whether p53 behaves as an exonuclease (monomer) or transcription activator (tetramer).
A very important caveat when considering the biological function of the p53-associated exonuclease regards its speci®c activity. In comparison to other 3'-5' exonucleases puri®ed either by conventional chromatography or as recombinant proteins, the activity reported for p53 herein and by Mummenbrauer et al. (1996) is approximately 100-fold lower (Insdorf and Bogenhagen, 1989; Belyakova et al., 1993; Skalski et al., 1995; Hoss et al., 1999; Mazur and Perrino, 1999; Zhu and Halligan, 1999) . This raises concerns about the signi®cance of this exonuclease activity in vivo. As mentioned earlier, human p53 that is induced by high doses of g-irradiation, exhibits approximately 10-fold more exonuclease activity as compared to our preparation (Huang, 1998) . It is therefore conceivable that this biochemical function of p53 may be subject to stimulation by exogenous stimuli.
The primary objective of the current study was to characterize the enzymatic behavior of the exonuclease activity of p53 on de®ned synthetic substrates. The results contribute new information about the properties and potential regulation of this exonuclease and provide a useful frame of reference for future experiments to assess its biological signi®cance.
Materials and methods

Expression and purification of human p53
Recombinant human wild-type p53 gene was inserted in a pETL plasmid, which expresses six histidine residues immediately N-terminal to the p53 sequence. Spodoptera frugiperda insect cells (Sf9 cells) were infected with recombinant baculovirus (containing the pETL expression vector) as previously described (Lalumiere and Richardson, 1995) . The core domain of wild-type human p53 (amino acids 82 ± 292), was expressed and puri®ed as detailed elsewhere (Vaziri et al., 1997) . Brie¯y, the nucleotide sequence encoding amino acids 82 ± 292 was subcloned into the pET19b vector, that expresses 10 histidine residues N-terminal to the p53 sequence. The plasmids were expressed in E. coli strain BL21(DE3)-(pLys-S). The histidine-tagged proteins were puri®ed from insect or bacterial extracts by nickel-anity chromatography in 0.5 M imidazole and were shown capable of binding to DNA (Vaziri et al., 1997; Davison et al., 1998) . The purity and identity of p53 was veri®ed by 10% SDS ± PAGE followed by staining with silver nitrate and reactions with a polyclonal antibody to p53. Neutralization of the exonuclease activity was veri®ed with monoclonal antibody 1620, directed against the native core domain of p53 (Calbiochem).
DNA substrates for exonuclease assays
Synthetic oligomers (Gibco BRL) were puri®ed from preparative 15% polyacrylamide, 7 M urea sequencing gels on C18 SepPak columns (Waters) according to manufacturer's instructions and the concentration of each primer was determined on a spectrophotometer at 260 nm. Oligomers complementary to regions 6255 ± 6284 (30-mer), 6295 ± 6312 (17-mer) on M13mp19 (+) phage DNA or complementary to region 907 ± 928 (23L) of E. coli 16S rRNA have the following nucleotide sequences:
The primers (17-mers and 30-mers) were labeled at their 5' ends with g-32 P-ATP (Sp. Act. 6000 Ci/mmol) and puri®ed on G25 Sephadex columns as previously described (Kukhanova et al., 1995) . Mismatched DNA substrates were prepared by annealing 5'-radiolabeled 17-mers (synthesized with A, T or G instead of C at their 3'-terminals) with a threefold molar excess of M13mp19 (+) DNA to create G : A, G : T and G : G mispairs. The 23L primer, annealed to the 16S rRNA, was labeled at its 3'-end with a-32 P-dCTP (Sp. Act. 6000 Ci/ mmol) in reactions with AMV reverse transcriptase, puri®ed and used in single-strand form for exonuclease assays as described elsewhere (Skalski et al., 1993) . 30-mer : M13mp19 (+) substrates containing double-strand breaks were prepared in reactions with the restriction endonucleases BamHI (to generate cohesive/staggered breaks) and SmaI (to produce blunt breaks). The enzymes recognize the underlined sequences and cleave nucleotides at sites indicated by asterisks: P-30-mer : M13mp19 (+) DNA and 0.1 unit of BamHI for 60 min at 378C or 1 unit of SmaI for 60 min at 308C. In both cases, approximately 90 per cent of duplex DNA was digested. Although the major product in reactions with SmaI was a double-strand break at the 12th nucleotide from the 5' end, cleavage at the 11th nucleotide from the 5' end was also observed. The 11-mer results from`star' activity of SmaI that produces non-specific DNA breaks when excess amounts of enzyme are used (Kolesnikov et al., 1981) . Utilizing less than one unit of SmaI reduces the star activity, however it also significantly lowers the efficiency of the reaction (less than 50 per cent of the total DNA is digested to produce double-strand breaks). The annealing of restricted sequences was verified as previously described (Kukhanova et al., 1995) . Briefly, 5'-3' incorporation of cold nucleotides into the BamHI-generated, 5'-end radiolabeled 15-mer along the M13mp19 (+) template was examined in reactions catalyzed by the Klenow fragment of DNA polymerase I after 45 and 90 min at 378C. Since restriction with SmaI produces a blunt, double-strand end, the 5'-end radiolabeled 12-mer has no available overhanging template and cannot be extended. Instead, 3'-5' excision after 45 and 90 min at 378C, was examined on these 12-mers and on single-strand 18-mers in reactions with Exonuclease III (Gibco BRL), an enzyme that preferentially degrades blunt-ends in duplex DNA as compared to unpaired oligomers (Rogers and Weiss, 1980) . Following electrophoresis of the reaction products on sequencing gels, extension of the 15-mers and preferential degradation of the 12-mers were each detected by autoradiography, confirming that these sequences remain annealed to M13amp19 (+) DNA for the duration of the exonuclease reactions (results not shown).
Exonuclease assay
The exonuclease activity was tested using a sequencing gel assay as detailed elsewhere (Skalski et al., 1993) . Brie¯y, exonuclease assays were done in 10 ml reactions containing 50 mM Tris-acetate pH 8.5, 10 mM magnesium acetate, 1 mM dithiothreitol, 0.1 mg/ml heat-inactivated bovine serum albumin, 0.18 mCi/mol of the appropriate DNA substrate and 0.07 mg of wild-type p53 or the p53 82-292 fragment. To test inhibition by antibody, 0.07 mg of wild-type p53 was preincubated with 0.35 ± 0.7 mg PAb1620 for 60 min on ice. Incubations to assay exonuclease activity of full-length p53 varied from 15 to 90 min at 378C. P53 82-292 exhibited optimal exonuclease activity after 3 h at 258C. Exonuclease reactions were terminated by adding 4 ml of 98% formamide, 10 mM EDTA, and 0.025% bromphenol blue. Samples were denatured at 1008C for 5 min followed by rapid cooling on ice. Electrophoresis was performed on 15% polyacrylamide, 7 M urea sequencing gels at 60 ± 65 W constant power and the reaction products were visualized by autoradiography (exposure for 14 h at 7708C). The reaction products in each lane were quanti®ed on a Molecular Dynamics Densitometer and the exonuclease activity was expressed as the per cent of 3'-terminal nucleotide removed after a given time. One unit of exonuclease activity is de®ned as the amount of enzyme required to remove 1 nmol of a nucleotide from the 3' end of a 17-mer annealed to M13mp19 (+) DNA at 378C in 1 h. The speci®c activity determined for recombinant full-length p53 was approximately 5610 2 units/mg protein.
UV crosslinking of p53 to oligomers 0.3 mg of either full-length p53 or the peptide comprising of amino acids 82 ± 292 was reacted with 0.4 nM of the appropriate 5'-end radiolabeled DNA substrate in 50 mM Tris acetate, pH 8.5, 1 mM dithiothreitol and 0.1 mg/ml heatinactivated bovine serum albumin for 60 min on ice or at room temperature. The complexes were covalently crosslinked at 254 nm for 60 min on ice and resolved on 10% SDS ± PAGE. Gels were stained with Coomassie Blue and the p53 : DNA complexes visualized by autoradiography (exposure 1 ± 14 h at room temperature).
